The research interest in photoelectrochemical (PEC) water splitting is ever growing due to its potential to contribute towards clean and portable energy. However, the lack of low energy band gap materials with high photocorrosion resistance is the primary setback inhibiting this technology from commercialisation. The ternary alloy InGaN shows promise to meet the photoelectrode material requirements due to its high chemical stability and band gap tunability. 
Introduction
Since the first photoelectrochemical (PEC) demonstration by Fujishima and Honda in 1972 [1] , the PEC splitting of water into H2 and O2 has gained lot of research interest. It is a clean and renewable method for producing H2, which itself is a clean, carbon-free fuel. PEC water splitting has been investigated with a wide variety of materials such as metal oxides, silicon, III-V and II-VI semiconductors, etc. [2, 3] . However, large bandgaps in excess of 3 eV and poor hole mobility are the main drawbacks preventing oxides from being efficient photoelectrodes [3, 4] . Si and III-V semiconductors such as GaAs and InP suffer from the photocorrosion, although they are capable of inducing highly efficient water splitting [3, [5] [6] [7] .
InGaN ternary alloys are promising materials for photoelectrodes owing to band gap tunability, band edges that straddle the H2 and O2 redox potentials, larger carrier mobility and high chemical stability [8] . The band gap of InGaN can be varied from 0.7 (InN) to 3.4 eV (GaN) by varying the In concentration, which allows absorption to be tuned from the UV to far IR regions [9] . Moreover, up to an In content of 50%, the valence and conduction band edges of InGaN straddle both the hydrogen and oxygen evolution reaction (HER and OER) potentials, which means that it can even drive direct unassisted water splitting [10, 11] . Due respectively to its highly crystalline nature and strong ionic bonds, InGaN exhibits high carrier transport and chemical stability.
In addition to these properties, InGaN nanostructures are capable of accommodating higher In concentrations while maintaining good crystal quality of InGaN layers, given that nanostructures can undergo strain relaxation [11, 12] . Furthermore, nanostructuring enhances light-matter interactions and increases the semiconductor/electrolyte interface area while reducing carrier transfer distance to the interface, boosting the PEC performance of photoelectrodes [13] [14] [15] [16] . Nanostructures include nanowires, nanopillars and nanopyramids and are formed using either bottom-up or top-down approaches. Molecular beam epitaxy (MBE) and metal-organic chemical vapor deposition (MOCVD) are most commonly employed for the bottom-up growth of nanowires, which are grown either catalytically or epitaxially. Many recent reports on solar water splitting with InGaN/GaN nanowires concentrate on devices grown using MBE [11, [17] [18] [19] [20] [21] or MOCVD [22, 23] . However, there are very few reports on the top-down processing of InGaN/GaN nanopillar (NP) photoelectrodes for water splitting [16, 24] . The top-down approach involves the plasma etching of patterned epitaxially-grown InGaN/GaN wafers. Almost all studies, irrespective of growth method, are focused on improving the PEC performance of InGaN/GaN photoanodes by incorporating higher In concentrations into either planar [25] [26] [27] [28] [29] or nanostructured [11, 12, [17] [18] [19] [20] [21] [22] [23] devices. As a consequence, there are no reports on the comparative studies of the influence of In concentration on PEC performance of InGaN/GaN MQWs in planar and NP photoanodes. In order to carry out these studies, both the planar and NP photoanodes require similar structural quality and In content in the InGaN layers, which can be best achieved using a top-down approach since the planar and NP photoanodes can be fabricated using the same epilayer. This is not possible with bottom-up growth methods as growth conditions are different for epilayers and nanostructures. Therefore, a top-down approach is ideal for studying the influence of In on the PEC performance of planar and NP InGaN/GaN MQW photoelectrodes as they will retain a similar crystal quality and In composition. Despite this opportunity, no previous studies have been aimed at investigating the role of InGaN/GaN MQWs in both planar and NP photoanodes.
Although Benton et al. reported a large enhancement in the PEC performance of InGaN/GaN NP photoanodes fabricated using a top-down approach compared to planar photoanodes, the influence of InGaN on the PEC performance of these photoanodes was not considered [16, 24] .
In this work, we report on the fabrication of InGaN/GaN MQW NPs by using a topdown approach and study the influence of In concentration on the PEC performance of both planar and NP InGaN/GaN MQW photoanodes. Diffuse reflectance and microphotoluminescence were employed to analyse the optical properties of planar and NP InGaN/GaN MQW photoanodes. The dependence of the PEC performance of these photoanodes on In concentration are explained using IPCE measurements.
Experimental
InGaN/GaN MQW epilayers with 20, 30 and 50% In, along with a GaN reference sample, were grown using MOCVD and used to fabricate the NP photoanodes. InGaN/GaN MQW NPs were fabricated by using inductively coupled plasma reactive ion etcher (ICP-RIE) to etch randomly patterned InGaN/GaN MQW epilayers. A self-assembled random masking technique was adopted to produce a SiO2/Ni nanomask [30] [31] [32] . The nanomask was produced by first depositing a 500 nm SiO2 film using plasma-enhanced chemical vapour deposition (PECVD), followed by e-beam evaporation of a 10 nm Ni film. Rapid thermal annealing (RTA) was performed at 850 °C for 90 s under an Ar atmosphere to convert the Ni film into Ni islands.
These Ni islands acted as a mask while etching the SiO2 using ICP-RIE, producing the SiO2/Ni random nanomask pattern. The SiO2/Ni nanomask then served to mask the InGaN/GaN MQW epilayers during the fabrication of the NPs, also performed using ICP-RIE. For the etching of Scanning electron microscopy (SEM) was used to study the morphology of the MQW NPs after removing the mask. The optical properties of the MQWs were evaluated by performing micro-photoluminescence measurements. A 325 nm He-Cd laser was used to excite the samples, with the emitted light collected through a 36X (NA = 0.5) objective lens and detected using a Si charge-coupled device (CCD). A UV-Vis-NIR spectrophotometer was also used to carry out diffuse reflectance measurements on the planar and NP MQWs.
Ti/Au (30/150 nm) layers were deposited on the planar and NP samples using e-beam evaporation, followed by RTA at 400 °C for 5 minutes under an Ar atmosphere so as to form an electrical contact to the photoanodes. PEC studies were then performed on the InGaN/GaN MQW photoanodes using a three-electrode cell and a solar simulator fitted with AM 1.5 filters, with a 1 M NaOH electrolyte, a Ag/AgCl reference electrode and a Pt counter electrode. This enhancement can be ascribed to the improved total internal reflection of the incident light as a result of the NPs [13, 30] . Photoluminescence measurements were carried out at room temperature to determine the exact band gap of the InGaN layers in the MQWs. Figure 3 shows the PL spectra of the planar and NP samples. PL intensities are normalised with respect to the peak at 365 nm for all samples. Both the planar and NP samples feature a strong peak at 365 nm corresponding to emission from bulk GaN. A broad defect-related peak, which commonly appears in MOCVDgrown GaN, is also observed at around 620 nm [28] . [33] [34] [35] . These defects act as non-radiative recombination centres for photo-generated carriers and thus annihilate the PL emission from InGaN. The defect density and microcluster formation in InGaN increases rapidly beyond 20% In [34] . This could conceivably be the reason for the absence of InGaN PL peaks in the visible region of the 30% and 50% In planar samples (Figure 3a) . The small footprint of the NPs helps to reduce the defect density compared to the planar structures and enhances the radiative recombination of photo-generated carriers, which results in observable PL emissions from the 30% In MQW NPs. Additionally, enhanced absorption and emission by the NPs compared to the planar structures further augment the PL of the NP samples [13] .
Results and Discussion
These two factors aid the surge and enrichment of the InGaN peak for the 30% and 20% In NP samples respectively (Figure 3b ). However, in the case of the 50% In NP sample, defect density and phase segregation may be above the threshold to produce any PL emissions from the MQWs. Overall, diffuse reflectance and PL spectra reveal that the 20% and 30% In samples can capture sunlight up to 420 and 450 nm respectively and that there is a great enhancement in absorption by the NPs compared to the corresponding planar samples. to the instability of m-plane GaN in NaOH. For the case of planar photoanodes, the GaN cplane is exposed to the electrolyte, which is stable in NaOH, while the long-term stability of GaN-based NP photoanodes has in fact been demonstrated using transition metal oxide cocatalysts (G. Liu et al. [32] and Benton et al. [16, 24] ).
From Figure 4b , it can also be observed that the NP photoanodes exhibit higher onset and saturation potentials compared to their planar counterparts. This may be due to surface damage sustained during NP fabrication. Furthermore, similar to the planar photoanodes, there is a slight positive shift in the onset potentials of the MQW NPs with respect to the GaN reference NPs. However, this shift is not as apparent as for the planar MQWs. This may be due to dominating surface damage effects on the onset potentials of the MQW NPs. In NP photoanode compared to the 20% and 30% In NP photoanodes suggests that only GaN is contributing to the photocurrent due to the inferior crystal quality of the 50% In NP photoanodes. Table 1 : Fill factor calculated for the PEC performance of planar and NP photoanodes Figure 5 . Incident photon-to-current efficiency (IPCE) of the GaN reference and 30% In planar and NP photoanodes measured at zero applied potential against a Ag/AgCl reference electrode.
To further elucidate the influence of In on the PEC performance of InGaN/GaN MQW photoanodes, the incident photon-to-current efficiency (IPCE) was measured for the GaN reference and 30% In planar and NP photoanodes, the results of which are illustrated in Figure   5 . The IPCE was determined using the following equation
where λ is wavelength, Jph is the photocurrent density and Pmono is the incident light power at a given wavelength. The IPCE was measured at zero applied potential against a Ag/AgCl reference electrode. As shown in Figure 5, 
